Introduction
In recent years, with the development of CAD and CAM technology, boat design and boat component manufacturing have been greatly improved. Advanced CAD software, such as`A utoship'', provides the customers with hull design, hydrostatic analysis, powering prediction and plotting of all the components. CAM software, such as``AutoNC'', takes input from``Autoship'' and generates high precision NC code to control NC machines. The cutting accuracy of the NC machine can reach 1mm (Autoship Systems Corporation, 1999) . However, metric ribbons, wires, calliper rules, square rules and spirit levels are still used as the main measurement tools to locate the components in small boatyards. They are of low accuracy, time consuming and need high level of skill (Calors, 1999) . Consequently, measurement, alignment, orientation and location of components are bottleneck problems in boatbuilding.
Basically, there are two types of assembly styles in boatbuilding. For a boat size of larger than 50m, usually the whole boat is divided into blocks. Each block is built separately and simultaneously, with all the blocks assembled to complete the boat. For smaller boats, boatbuilding is usually accomplished by laying the keel as the assembly datum, and then adding the transverse and longitudinal members one at a time in the construction dock (Hardison, 1998) . This style of construction is used in most small boatyards. Here, the keel is the datum for assembling the boat skeleton and the skeleton is the datum for assembling all the tank sides and lids. The principles of assembly are described as follows, and shown in Figure 1: (1) The water line of the keel should be horizontal and the keel plane should be vertical. (2) The bulkheads and frames should be symmetrical to the central line of the keel and their planes should be vertical. (3) The water line marks on the bulkheads and frames should be at the same height as the water line of the keel.
In small boatyards, at the design stage, to improve the assembly precision, some notches or marks are put on most components to indicate the location point of each cross connection. There is 1mm clearance left on both sides of each notch (Su et al., 1999) . Consequently, the maximum length error of the component is 2mm if the position error is not considered. However, there are no efficient means to reduce the angular errors between any two components. These would cause large position or shape errors in the boat structure, resulting in the twisting of the boat. This is due to: (1) Most sub-structures of a boat are quadrilateral not triangular. According to geometry theory, a unique triangle can be formed from a given three sides but infinitive quadrilaterals can be formed from the same four sides as the angles change. Thus, under the condition of the components length cut beforehand, even though there is no error in the length of the components and the location of each cross connection, the angular errors cannot be prevented. (2) In boatbuilding, the length of the boat keel can be up to several tens of meters, and the length and height of most frames up to several meters. A 0.5 angle error at one end of a component would cause 87.5mm displacement at another end of the component over a distance of 10 meters.
It is very difficult to reach an accuracy of 0.5 using metric ribbons, wires, calliper rules, square rules and spirit levels for boat assembly. Development and application of advanced measurement tools are the main approaches to solve the bottleneck and accuracy problem in boatbuilding.
On the other hand, although advanced techniques, such as lasers and ultrasonics have been rapidly developed in recent years, and the measurement of large distances are changing from mechanical style to noncontact test (NCT) style (York Survey Supply Centre, 1999) , the advanced measurement tools used in the civil engineering and geologic survey cannot be used in small boatyards. A laser range finder can measure a distance of up to 100m with accuracy of AE1.5mm and a laser tracker can measure angles in the range of AE360 with resolution of 0.14" (Leica-Geosystems, 1999) . But these instruments can only provide one reference point at a time, such that when the workmen adjust the measured point of the component, other points of the component may change resulting in further misalignment in location and orientation. In the 3D-construction industry, HP interferometers with some accessories are used for the alignment of perpendicularity or parallelism with an accuracy of nm level. However, such an instrument costs several thousands of pounds and can only be used in a strict temperature controlled condition (HP Company, 1999) . Some alignment systems, using a He-Ne laser source and CCD sensors have been used for alignment of flatness, perpendicularity and parallelism of large workpieces in the electrical generation industry (Wang et al., 1995) . But the high voltage of He-Ne lasers and the cables of CCD sensors are not safe or suitable for use in small boatyards. So far, many patents have been published on the use of lasers and ultrasonics for location and measurement in shipbuilding (Patent, 1992 (Patent, -1998 ) which tend to be aimed at the large boatyards. For small boatyards, they are too sophisticated and too expensive.
In small boatyards, the temperature can range between ±5 C to +60 C. There are mechanical vibrations, noise and light disturbance from welding and heavy steel construction works. During the assembling process, steel plates, tools and wires occupy the main space of the boatyard which make it a cluttered environment. Thus, the basic requirements of an instrument for alignment in boatyards are:
. Measurement or alignment of perpendicularity in 3D construction in the range of up to 50m with the accuracy of mm level.
. Low cost, safe, reliable and convenient to operate on-line. This paper presents a laser diode alignment system that meets the above requirements of small boatyards.
The laser alignment system
The laser alignment system consists of a high accuracy laser level, a plumb laser meter and marking poles.
The high accuracy laser level produces a horizontal laser chalk line, which can be used as a reference waterline plane for alignment of the water line marks of the keel, bulkheads and frames, as shown in Figure 2 .
The plumb laser meter consists of a selfbalanced laser level and a rotary pentagonal prism. The laser level balances itself by an internal pendulum device and produces a horizontal laser beam directed forwards to the rotary pentagonal prism which deviates the laser beam through 90 and forms a reference light plane perpendicular to the incident light. According to optical theory, the deviation is only dependent on the accuracy of the prism shape and independent of prism orientation and movement (Yao, 1988) , as shown in Figure 3 .
The surfaces of the magnetic mount of the plumb laser meter are of high accuracy so they can be used as the datum for installation of the meter in boat assembly.
The sequence of a boat assembly is to set up the keel first, then set up the frames and bulkheads from the end of the keel to the head of the keel. During the whole process of boat assembly, the laser level for waterline set up is fixed on a tripod, which is in front of the keel head, as shown in Figure 1 and Figure 2 . Therefore, the laser beam path will not be blocked when the keel, the frames or bulkheads are set up in the above sequence.
Because the laser level is fixed on a tripod, its high accuracy, identity of the reference datum and anti-vibration make alignment of all the components in the waterline plane possible with reasonable accuracy.
In the keel setup, the plumb laser meter and marking poles are fixed on the surface of the keel side with the magnetic mounts, as shown in Figure 4 (a).
In the bulkhead or frame setup, one of the keel side surfaces is used as the datum for setup of the plumb laser meter. The marking poles are fixed on the bulkhead or frame surface, as shown in Figure 4 (b).
After fixing the plumb laser meter and marking poles, the keel, bulkhead or frame is adjusted until the reflected laser beam of the plumb laser meter strikes at the same height on all the marking poles. Thus, the surface of the keel, the bulkhead or the frame is accurately aligned in the correct orientation and location.
System design considerations
Safety, reliability, convenience, reasonable accuracy and low cost of the alignment system are the five basic requirements for small boatyards. The key to the system design is to obtain an improvement in boatbuilding by combining the above five factors. The main considerations in the system design are: (1) The He-Ne laser has been the most commonly used alignment source for its small beam divergence and very good coherence length, but its high voltage power supply (several kV), high brightness (dangerous to eyes), large volume and complex accessories (cool head, frequency stable device and so on) are not suitable for small boatyards. Alternatively, a laser diode is used in the system. It is safe with a power supply of 4.5V DC and output power 0.7-0.99mW. Also it is convenient and low cost, for example the 10.5mm diameter, 28mm length laser costs less than £30. After collimation, its beam divergence is less than 0.5 mrad with circular beam profile. The 635nm laser diode is five times brighter than the 670nm laser (Lasermate Company, 1999) . (2) To improve the accuracy, a high precision pentagonal prism with deviation tolerance less than two arc seconds was used in the system. The deviation angle of the incident light of the penta does not change with the environmental temperature (Barlow Ltd, 1999) . (3) To restrict the reflected laser beam of the pentagonal prism in the reference plane, the prism cannot move in the horizontal axis during rotation. A precise double row angle contact ball bearing is used to support the prism, and by pre-tightening, the jumping of the prism in the horizontal axis is eliminated. (4) CCD or photodiodes are commonly used in alignment systems as position detectors. They are of high accuracy and resolution but their signal transfer using cables is not convenient in small boatyards. Considering the accuracy of the system is in mm level, the alignment of the system can reach this accuracy by eye (Deng et al., 1985) . To improve the system accuracy, in front of the prism, there is a lens to focus the laser beam into a small size and make the spot edge more clear. (5) The pentagonal prism holder, the hull of the plumb laser meter and the marking poles are made of aluminum. By reducing the weight of the system, the magnetic mount can hold the system firmly. (6) The system design, especially the use of the laser diodes and marking poles without CCD sensors, greatly reduces cost and increases reliability.
Analysis of the synthesized error of the system
There are seven types of error sources in the system, described as follows:
(1) The error from the temperature of the laser diode. It has been reported that with a temperature change of 0.1 C of the laser diode, the location of the laser spot moves 0.3"m/m in vertical direction and 0.2"m/m in horizontal direction. The temperature of the laser diode increases by 6 C in 40 minutes at the beginning of the laser running (Ma et al., 1993) . Therefore, if the setup takes 40 minutes, the location of the laser spot will change 18"m/m in horizontal direction. If the distance is 50m, the error will reach 0.9mm.
In small boatyards, the environmental temperature changes with time and during one setup, thus the laser diode can be used intermittently. Therefore, this type of error would not be greater than 0.9mm. (2) The error from the temperature gradient of the air in the boatyard. There are winds, welding and other air disturbances in small boatyards, which causes a temperature gradient in the laser beam path. It has been reported that if the temperature gradient is 0.1 C/m, the gradient of the refraction rate of the laser beam will change by 0.925 Â 10 ±6 /m.
The displacement at 1m distance is 0.046"m (Zeng et al., 1991) . If the distance was 50m, the error would be 2.3"m. Even for a temperature change of 5 C, the error is 115"m. (3) The error from the shape error of the pentagonal prism. Because the 90-degree deviation tolerance of the penta is less than 2-arc seconds (Barlow Ltd, 1999) , the maximum error of the reflected light at 10m distance is: 10 7 Â sin (2 /60/60) % 97"m. (4) The error from the penta rotating movement.
The jumping in radial direction of the penta rotating axis will not produce any alignment error, but the jumping in the parallel direction of the penta rotating axis will make the reflected beam jump out of the reference plane. In the instrument design, the source of this type of error mainly comes from the bearings. By using pre-tightened double row angle contact ball bearings, the maximum jumping in the penta axis direction reduces to 12"m, hence the jumping error of the reflected beam is 12"m. (5) The error from the size and the shape of the laser spot and eye judgement. The alignment of the system is by eye therefore the laser spot size should be as small as possible and its shape should be a circle with a clear edge. By optic collimation, combined with the eye judgement error, this error will be less than 1mm (Deng et al., 1985) . (6) The error from the boat building environment. There are vibrations, noise and other disturbances in small boatyards, which will cause instrument vibration. The estimated maximum value of this error is about 50"m. (7) The error from the high accuracy laser level.
The high accuracy laser level is used to align all the water marks in the horizontal direction, the accuracy of which is 0.05mm/m (Spectrum Metrology Ltd, 1999). Over 50m, the error is 2.5mm. (8) In the plumb laser meter, the self-balanced horizontal laser beam is the datum for setting up of the perpendicular reference light plane.
The maximum error of the laser beam in the horizontal direction is 0.25mm/m (Masonry Tools Company, 1999) . Over 10m distance, the error can reach 2.5mm.
The errors from the temperature gradient of the air, building environment, the shape of the pentagonal prism and its rotating movement are very small. Neglecting these four errors, according to random error theory the synthesized error of the system is: 3
The accuracy of the system is therefore high enough to be used in small boatyards.
Conclusions
This paper analyses the source of error of boat assembly in small boatyards and identifies the angular errors as the main error source. Based on the investigation of the requirements of small boatyards, a laser alignment system for small boatyards is presented. Highlights of the paper include:
.
The main idea of the system is to use an alignment system, instead of a measurement system, for boat assembly, which is of low cost, safe and strongly robust. The novel system is a combination of civil engineering, mechanical engineering and optical engineering and will assist the small boatyards to assemble the boats to high accuracy, saving time and reducing cost.
In the system, a plumb laser meter which consists of a self-balancing laser level, a rotary pentagonal prism and high accuracy mount surfaces will produce an accurate reference light plane for boat assembly. The novel meter is of easy and fast mount, high accuracy and low cost, different from existing plumb laser meters on the market.
. Using a horizontal laser chalk line with a high accuracy as an identical reference datum for setting up all the boat components in the waterline level, and using a keel side surface as an identical reference datum for alignment of bulkheads and frames are new ideas. The application of identical datum greatly improves the boat assembly quality.
. Instead of the traditional assembly sequence of a boat, a new sequence of boat assembly is presented in the paper, i.e. is to set up the keel first, then set up bulkheads and frames from the head of the keel to the end of the keel. The new method will prevent the laser beam path from being blocked by other parts of the boat.
